Coherent broadband radiation in the form of Rabi sidebands is observed when a ps probe laser propagates through a weakly ionized, electronically excited microplasma generated in the focus of an intense pump beam. The sidebands arise from the interaction of the probe beam with pairs of excited states of a constituent neutral atom via the probe-induced Rabi oscillation. Sideband shifting of >90 meV from the probe carrier frequency results in an effective bandwidth of 200 meV. The sidebands are controlled by the intensity and temporal profile of the probe pulse; with amplitude and shift in agreement with the predictions of a time-dependent generalized Rabi cycling model. DOI: 10.1103/PhysRevLett.103.205001 PACS numbers: 52.38.Àr
The Rabi oscillation [1] is a central paradigm in modern optics and is manifest in both the spectral and temporal domains when the cycling period is less than the characteristic decoherence time of the system. Recent implementation of Rabi oscillations include the manipulation of qubits, quantum dots, and excitonic state population [2] [3] [4] [5] [6] . Low temperatures must be used ($10 K) to suppress damping in each of the condensed phase experiments. We show here giant Rabi shifting (100 meV) in a laser-induced microplasma where dephasing might be expected to limit all coherent processes. The Rabi sidebands occur simultaneously on multiple atomic transitions producing a coherent and tunable radiation source, and we present a timedependent generalized Rabi cycling model to interpret the phenomena. The giant Rabi shift creates sufficient bandwidth to support 20 fs temporal features and is generated from a much longer ($1 ps) driving pulse. Finally, the ratios of multiple excited state transition dipole moments can be measured simultaneously using the effect.
Rabi oscillations are manifest in the frequency domain as sidebands on a carrier frequency, ! c . This work demonstrates that an intense laser with time-dependent electric field amplitude, A 0 ðtÞ, interacting with a two-level system will result in the generation of red-and blue-shifted sidebands at frequencies ! c À 0 ðtÞ and ! c þ 0 ðtÞ, where
is the time-dependent generalized Rabi frequency, ðtÞ ¼ M 10 A 0 ðtÞ=@ is the time-dependent Rabi frequency, and M 10 is the transition dipole moment. The time-dependent case is most easily visualized by the transitions in a dressed-state scheme in which the bare atomic states are split by 0 ðtÞ, as shown in Fig. 1 . A pulse with carrier frequency ! c , blue detuned from the resonant frequency by Á, results in a dynamic Rabi shift that generates two new sidebands. The Rabi shift reaches a maximum, 0 max , at the maximum of the electric field (t ¼ 0 ). The instantaneous frequency of the Rabi-shifted pulses generated at 0 À t and 0 þ t is identical for a Gaussian temporal profile [ 0 ð 0 À tÞ ¼ 0 ð 0 þ tÞ], suggesting the ability to produce temporally chirped pulses, as will be discussed later. In previous measurements, the laser inducing the Rabi oscillation has been self-modulated, generating nanosecond duration sidebands in Na vapor at AE3:5 meV [7, 8] . Thin GaAs films [9, 10] have also been used to demonstrate Rabi shifting on the order of the carrier frequency in the optical regime using a carrier-envelope phase stabilized femtosecond pulse.
Rabi sidebands are generally difficult to observe due to damping (dephasing and spontaneous emission) mechanisms, which eliminate coherence. For electronic transitions arising from the excitation of ground-state atoms and molecules this difficulty is due in part to the rapid T 1 damping. Note that when a substantial degree of excited electronic states are populated in an atom, low-energy transitions (1-2 eV) are available for Rabi cycling. We accomplish this electronic excitation using a partially ion- FIG. 1 (color) . A dynamic dressed-state energy level scheme for a two-level system, where levels 0 and 1 are the ground and excited bare atomic states, respectively. A pulse with carrier frequency ! c (green waveform), detuned from the resonant frequency by Á, results in a time-dependent Rabi shift that generates two new dynamic sidebands at ! c AE 0 ðtÞ (blue and red waveforms).
ized plasma, resulting in numerous possible transitions in the excited state manifold.
In this investigation, an intense pump laser is used to create a microplasma medium with electron density of 10 19 cm À3 in a 1.0 atm gas (argon or oxygen), as shown in Fig. 2(a) . A picosecond probe laser (800 nm) then interacts with this plasma channel at a right angle with respect to the channel axis (interaction volume $6 Â 10 À8 cm 3 ). Considerable electronic excitation in the pump-induced plasma is manifest in the continuous presence of sharp atomic emission lines in Fig. 2(b) where multiple atomic fluorescence lines are detected in Ar prior to the arrival of the probe beam (pump/probe delay of À10 ps) as shown in the right panel (black curve). As the time delay between pump and probe is increased, new features arise in the emission spectrum to the red and blue of each fluorescence line. We will show that these new features are due to the Rabi oscillations creating sidebands. The temporal evolution for two of the red-shifted sidebands (centered at 803.4 and 815.3 nm) is shown in the bottom panel of Fig. 2(b) . The time-dependence observed is a manifestation of the cooling dynamics of the ionized electrons [11] colliding with neutral atoms to create the excited state population. The large excited state manifold allows for the simultaneous generation of sidebands corresponding to transitions in the vicinity of the probe carrier frequency. The multiple sidebands are clearly seen in the measurement made at 1400 ps [red curve, right panel of Fig. 2(b) ]. The sideband radiation has a Gaussian-like angular distribution centered at the optical axis of the probe beam and differs markedly from the case of conical emission [7, 8] . Measurement of the sideband signal is made at a sufficient angle to suppress the contribution of the intense probe beam.
The observations shown in Fig. 2 can be understood in the context of a time-dependent generalization of the conventional Rabi cycling model [12, 13] . The amplitude and frequency of the generated radiation are determined by the expectation value of the dipole moment, hðtÞi given by hðtÞi ¼ M 10 ðtÞ 0 ðtÞ
This model predicts that two new sidebands will be generated with time-dependent frequencies ! c AE 0 ðtÞ. As the probe intensity increases, one sideband will begin shifting from the fluorescence line detuned by Á from the carrier frequency (probe laser), while another sideband will emerge on the other side of the carrier frequency at a position mirroring the fluorescence peak. Thus, the two sidebands will be centered about the carrier frequency of the probe beam. One sideband is predicted to have larger amplitude according to the ratio of the sideband prefactors, Á= 0 ðtÞ þ 1 and Á= 0 ðtÞ À 1. In the case of Á= 0 ðtÞ À 1, the mirrored sideband intensity rapidly converges to zero in the limit of low intensity. The blue-shifted sideband at 796.8 nm in Fig. 2(b) correlates to the red-shifted sideband at 803.4 nm with additional interference from nearby features in the case of Ar.
The predictions of the model are verified in an experiment involving oxygen, where multiple transitions do not mask the presence of the mirrored sideband. In molecular O 2 , the plasma creates atomic oxygen with excitation into the 5 P states. These states are coupled to the Fig. 3 is the result of the interaction of a 1.05 mW probe beam with the plasma. A pump/probe delay of 250 ps ensures that the plasma generation and electronic excitation are maximized [11] , and that the electron temperature is concurrently reduced, so that the dephasing dominated by the electron-neutral collisions becomes negligible ( ! 20 ps). To the blue of the 1.596 eV line there is an intense emission centered around 1.643 eV. The >90 meV Rabi shift observed between the sideband and the 800 nm (1.55 eV) carrier frequency is consistent with the prediction of a generalized Rabi oscillation generated with an effective transition dipole of 7.4 D, a detuning of 46 meV and an intensity of 3:3 Â 10 10 W cm À2 . Note that the red-shifted mirror sideband has precisely the same (negative) shift and shape, as that observed for the blue-shifted feature, but with smaller amplitude, as seen by comparing the gray and blue curves in Fig. 3 . This is in accord with the predictions of Eq. (1), where both the red and blue sidebands are shifted by the generalized Rabi frequency, 0 ðtÞ. Fringes observed in the low-energy wing of the blue-shifted sideband (similar to that in the high-energy wing of the red-shifted sideband) are the result of spectral interference indicating the coherent and time-dependent nature of the sidebands, as explained subsequently. A Fourier transform of the spectral bandwidth shown in Fig. 3 reveals that compression of the emitted radiation would create a pulse with temporal features on the order of 20 fs, nearly 2 orders of magnitude shorter than the $1 ps probe pulse.
To further confirm the mechanism of generation of the observed optical response, we note that the generalized Rabi frequency will increase with probe beam intensity and thus the sideband maxima should shift with probe intensity as well. The measurements shown in Fig. 4 demonstrate that the blue sideband shifts further from the carrier frequency as the probe beam power is increased from 0.1 to 1.0 mW (this corresponds to an increase in the focal intensity from 3:3 Â 10 9 W cm À2 to 3:3 Â 10 10 W cm À2 ), providing tunability from 1.596 to 1.640 eV for this line. The dependence of the sideband peak energy on the probe laser power is given by
where P is the probe laser power, kP ¼ ð@Þ 2 , and k is the slope of the linear dependence of @ 2 2 on P. The ratio of the transition dipole moment for any two transitions can then be determined using the ratio of the k 1=2 values. The inset in Fig. 4 plots the measured position of the sideband as a function of probe intensity (squares), fitted using Eq. (2), (solid line) with k as the only fitting parameter. The sideband terminates at 1.596 eV (inset in Fig. 4) , corresponding to the 777 nm oxygen transitions. This termination occurs because the generalized Rabi frequency becomes equal to the detuning as the driving laser (probe) intensity approaches zero. This is also why the red-shifted sideband terminates at 1.504 eV (see Fig. 3 ), even in the absence of a fluorescence line in that region. The shifting of the sidebands gives rise to bandwidths on the order of 200 meV, as can be seen in Fig. 3 . If coherence were maintained across this spectral range, the light could be shaped and manipulated for applications such as control experiments and short pulse generation. In fact, the fringe pattern exhibited in the sidebands observed in these measurements indicates a high degree of coherence. The fringes result from spectral interference caused by the temporal profile of the probe pulse. The spectral positions for constructive interference can be predicted as follows. The maximum of the temporal intensity profile of the probe pulse generates the main peak of the sideband at the maximally shifted position, E peak . The features between E peak and the oxygen fluorescence line at 1.596 eV correspond to lower frequency shifts and thus are generated by the lower-intensity regions of the probe pulse, as seen in Fig. 1 . The fringes result from interference of the two equal frequencies emitted by the leading and trailing edges of the pulse. Near the maximum of the laser pulse, the temporal intensity profile may be approximated by a parabola, and then the interval between the equal-magnitude points of the leading and trailing edges is approximately proportional to the square root of the difference, E peak À E. Given this approximation and the integral wavelength criteria for constructive interference, the fringe locations can be predicted using the relation
where E n denotes the energy of the nth fringe of constructive interference, E peak is the maximum energy shift (corresponding to n ¼ 1), and b is a frequency-dependent scaling factor. The excellent correlation between this simple model prediction and the experimental results is seen in Fig. 4 where the positions of constructive interference are shown by the red dots. The results demonstrate that all of the radiation generated is coherent, and thus, the giant Rabi shifting represents a new source of broadband, tunable, ultrafast radiation generated simply from a microplasma and a ps probe beam. Sidebands should be efficiently generated from all fluorescence transitions near the 800 nm probe according to Eq. (1), provided the detuning is not too large to drive the amplitude of the generalized Rabi frequency to zero. Sidebands appear simultaneously in Ar for the three spectral regions labeled A, B, and C in Fig. 2(b) . Sideband C is generated from fluorescence lines on the high energy side of the probe and exhibits similar behavior to the oxygen system with a blue-shifted signal originating from the fluorescence line. However, for transitions A and B which are on the low energy side of the probe photon energy, redshifted lines are seen to emerge from the fluorescence transition. This observation is consistent with Eq. (1) where the amplitudes of the red and blue-shifted sidebands reflect the sign of the detuning, Á. Previous measurements [14] reveal that the ratio of the transition dipole moments for transition C with the two transitions for A yield values of 1.06 and 1.45. Similarly, the ratio of transition C with the lines constituting B gives 2.42 and 2.59. Comparison with the ratios of the k 1=2 values, extracted from a plot of @ 2 2 vs probe power (not shown) for the same lines gives k [14] demonstrates that plasma excitation combined with Rabishifting measurements is a means to simultaneously extract quantitative ratios for the transition dipole moments of multiple lines.
The giant Rabi shift is both tunable and coherent over a wide range of frequencies and over a wide range of atomic transitions. The tunability is based on the time-dependent generalized Rabi cycling model presented and thus depends only on the intensity of the driving laser. The fact that the coherence is observed in a microplasma demonstrates that Rabi cycling is possible at high temperature with moderately high laser intensities (10 10 W cm À2 ) when transitions are close to the driving frequency (Á $ 2%! c ).
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